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ELECTRONIC STRUCTURE OF Lao.5Ca0,SMn03 
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“Toemoooiveld 1,6525 ED, Nijmegen, The Netherlands 
%stituto de Fisica, UNICAMP CP 6165, 13083-970 Campinas (SP) Brasil 
(Received 6 November 1996; accepted 8 January 1997 by C.E.T. Goqalves da Silva) 
Electronic structure calculations on Lao.#Zao.~Mn03 are reported. Calcula- 
tions were performed with the Full Potential LAPW method within the 
Local Density Approximation (LDA) as well as the Generalised Gradient 
Approximation (GGA). The ferromagnetic phase of Lao.sCao.sMn03 is 
half-metallic, which is important in the relation to the colossal magneto- 
resistance properties of this compound. 0 1997 Elsevier Science Ltd 
Keywords: A. metals, A. magnetically ordered materials, D. electronic 
structure. 
There has recently been much interest in the magnetism 
and the transport properties of LaI_,Ca,Mn03 and 
related manganites [l, 21. The manganites with 0.2 < 
x < 0.5 are ferromagnetic and their resistivity depends 
strongly on the temperature. An external magnetic field 
can lower the resistivity by several orders of magnitude, 
resulting in colossal magnetoresistance (CMR). Both the 
resistivity and the CMR peak at or near the Curie 
temperature. 
Lao.sCao.sMn03 lies on the cross-over between fer- 
romagnetic (X < 0.5) and antiferromagnetic (x > 0.5) 
behaviour [3]. We calculated the electronic structure of 
this system for ferromagnetic as well as A-type antiferro- 
magnetic arrangement of the Mn ions. The crystal 
structure of the ferromagnetic phase is cubic according 
to several authors [4-61. Also an orthorhombic structure 
is reported [7], but no details about the sample prepara- 
tion and possible deviations from perfect stoichiometry 
are given. We assume a cubic crystal with a lattice 
constant a = 7.2411 atomic units. 
The substitution of La by Ca was performed by 
taking two cubes of the perovskite LaMnO above each 
other and replacing one La atom by a Ca atom, resulting 
in a tetragonal unit cell with c = 2a. The Full Potential 
LAPW method [8] was used, i.e. no shape approxima- 
tions to the potential were assumed. The standard set of 
basis functions was supplemented with local orbitals for 
*Permanent address: Departamento de Quimica Inorganica, 
Universidad de1 Pafs Vasco, Spain. 
better description of semicore states and to avoid numeri- 
cal errors due to the linearisation process. Approximately 
1500 LAPW’s were used. The Brillouin zone integration 
was performed on a special mesh of 75 k-points. The 
Generalised Gradient Approximation (GGA), in the 
parametrisation by Perdew et al. [9], is used but a 
comparison with LDA-calculations is made to indicate 
the small difference between GGA and LDA in this 
system. The atomic radii are 2.0 atomic units for the 
La and Ca atoms and 1.8 atomic units for the Mn and 0 
atoms. 
Figure 1 shows the GGA total density of states of the 
ferromagnetic phase of La0.5Ca0.SMn03 for both spin 
directions. This figure shows that Lao,sCao.sMn03 is half- 
metallic: metallic for majority spin electrons, but semi- 
conducting with a gap of 1.5 eV for minority spin 
electrons. The magnetic moment per unit cell is therefore 
necessarily integer. In this case it is 7 pa, or 3.5 pg per 
Mn atom. There are not many reports on saturated 
magnetic moments in Lao.5Cao,SMn03. A moment of 
2.2 pa is reported in La0,$a0.4sMn03 at low tempera- 
tures [3], but the moment was not fully saturated. If 
Af?,B:+Mn03 is half-metallic, the saturated magnetic 
moment at zero temperature should be 4 - x per Mn 
atom. Some reports indicate such a moment [lo, 111, 
others give some deviations of tenths of pa [ 12, 131 or 
more. However, oxygen defects often play a substantial 
role and the moments are not always fully saturated. 
The bands between 7.5 eV and 1.5 eV below the 
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Fig. 1. Total DOS of ferromagnetic Lao.sCao.sMnOs, calculated within GGA. 
1 eV below the Fermi energy lie the spin up Mn t2g 
bands. The Fermi energy crosses a broad band of Mn es 
orbitals strongly mixed with 0 2p orbitals, which is in 
agreement with spectroscopy experiments [14, 151. The 
density of states at the Fermi energy is low. The wave 
functions at the Fermi energy have 69% Mn 3d character 
and 23% 0 2p character. Thus the band structure con- 
firms the widespread assumption of localised tzg elec- 
trons and non-localised es electrons. This can also be 
seen in the magnetic moment. The moment within a Mn 
sphere, is 2.94 ,.&a. The remaining part of the moment is 
spread out over the oxygen atoms (0.07 ~a per 0 atom) 
and the interstitial space. At 3 eV above the Fermi energy 
lie the La 4fstates (not shown in the DOS figure). There 
is a small difference between GGA and LDA in this 
system. The LDA [ 161 total density of states is shown in 
Fig. 2. For the spin up direction almost no difference 
between the GGA and the LDA results can be seen. The 
conduction band of the spin down direction, with pri- 
marily Mn t2g character, has decreased in energy a little 
bit, as compared to the GGA band structure. This has two 
consequences. First, the gap between the valence band 
and the conduction band has decreased to 1.4 eV. 
Second, the Fermi energy lies in the conduction band. 
Therefore the LDA results show metallic character 
instead of half-metallic. The nearly half-metallic char- 
acter of the LDA results has also been reported by others 
[17]. The electronic structure of transition-metal oxides 
is an area where there liability of LDA is not always 
assured. However, enough experience exists to know 
what the consequences of a better treatment than LDA, 
be it self-interaction correction or LDA + U etc., will be. 
Both corrections lead to increased band gaps because of 
the lowering in energy of occupied states and/or the 
increase in energy of empty states. It is thus expected 
that, if a further improvement beyond GGA will influ- 
ence the band structure, the distance between the Fermi 
energy and the conduction band of the non-conducting 
spin direction will increase. 
The magnetic structure of Lao,=JZao.sMn03 depends 
on the temperature. Below a temperature TN (150- 
180 K) it is antiferromagnetically ordered but for TN< 
T < Tc (220-230 K) ferromagnetic [3, 71. The crystal 
structure of AFM La,&a0.5Mn03 is not clear. Radaelli 
et al. reported an orthorhombic structure [7], as well as 
for the FM phase, but with different lattice parameters. 
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Fig. 2. Total DOS of ferromagnetic La0,5Ca0.5MnO~, calculated within LDA. 
More reports of a structural transition, accompanying a 
FM to AFM transition, in A:!,Bz+MnOs have been 
published [ 13, 18, 191. According to Gong et al. the 
crystal structure of La,_,Ca,MnOs stays cubic when x 
passes 0.5 [4]. Earlier a tetragonal structure for x > 0.5 is 
reported [20]. We calculated, within GGA, A-type AFM 
La0.5Ca0,5Mn03 in the same structure as in the calcula- 
tions for the ferromagnetic phase. 
The total energy of the AFM phase is 9 meV lower 
than the FM total energy. This confirms the fact that the 
ground state at zero temperature is antiferromagnetic. 
The total DOS of the AFM phase is shown in Fig. 3. In 
this structure AFM La&as,~MnO~ is metallic. In the 
orthorhombic phase, AFM La&Za0.sMn03 has a very 
high resistivity at low temperatures [7] so the structure is 
presumably very important for the transport properties. 
Further calculations should be performed for other crys- 
tal structures. 
The relation between magnetic and transport proper- 
ties in manganites has been dedicated to the double 
exchange mechanism [21]. In this theory electronic 
transport is performed by hopping of electrons from 
one Mn ion to the other. The Mn ions are assumed to 
be atomic-like and to follow the Hund rules. Therefore an 
electron on a Mn3+ (&es) ion can only hop to a 
neighbouring Mn4+ (t$ ion if these two ions are parallel 
aligned. The hopping must occur via oxygen atoms, 
which lie between the Mn atoms in the perovskite 
structure. An electron hops from a Mn atom to an 
oxygen atom and simultaneously another electron, with 
the same spin, hops from the oxygen atom to the next Mn 
atom. So according to this double exchange mechanism 
conduction is only possible through aligned Mn atoms. 
However, the es conduction electrons are not local- 
ised at the Mn atoms, but are bandlike because of their 
substantial oxygen character. It is therefore essential to 
treat these electrons in a band picture. As we have shown, 
the band structure confirms the assumption that conduc- 
tion is only possible if the Mn atoms are parallel aligned. 
In fact, the double exchange mechanism can be viewed 
as the atomic limit of the half-metallic band picture. 
We now address the relation between the half- 
metallic properties and the occurrence of CMR. At 
zero temperature the magnetisation points uniformly in 
one direction. The majority spin electrons can travel 
easily through this domain. At non-zero temperature 
small domains with magnetisations in other directions 
are formed. They increase in size and number if the 
624 ELECTRONIC STRUCTURE OF La&as,sMnOs Vol. 102, No. 8 
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Fig. 3. Total DOS of A-type antiferromagnetic La0,5Ca0.5Mn03. 
temperature increases. Assuming that the half-metallic 
properties within these domains are preserved, walls 
between regions of opposite magnetisation are insulat- 
ing. When the temperature reaches the Curie tempera- 
ture, the correlation length diverges. Thus reaching the 
Curie temperature there are less and less percolating 
paths for the majority spin electrons and therefore the 
resistivity increases. When a magnetic field is switched 
on, the domains are aligned, resulting in a low resistiv- 
ity and a large magnetoresistance. The effect of this 
mechanism is enhanced if the dimensionality of the 
system is decreased, because of the reduced degree of 
freedom to create percolating paths. Experiments show 
indeed that thin films exhibit larger values of CMR than 
bulk samples. And also in the layered perovskite 
(La,Sr).+tMn,0tttn+t9 in which conduction primarily 
occurs within the pseudo-two dimensional Mn-0 
planes, the highest CMR values are found for the 
lowest n [22]. Recently this behaviour of the resistivity 
in half-metallic ferromagnetic manganites has been 
described, below and above the Curie temperature, by 
an Ising-like model [23]. 
Considering the origin of the half-metallic magnet- 
ism, it should be stressed that this is quite different from 
the half-metallic magnetism in the Heusler Clb alloys, 
where it was first discovered [24]. In the latter case it 
proved to be quite subtle, the Heusler C tb structure being 
pseudo-isostructural and the minority spin direction (the 
non-metallic one) being iso-electronic with the well 
known III-V semiconductors. The origin of the half- 
metallic behaviour here is much simpler. Strong magnets 
are defined by the fact that the d-shell for one spin 
direction is either completely filled or empty, e.g. 
nickel. That nickel is not half-metallic originates from 
the non-polarised s-band. In compound formation these 
itinerant electrons are transferred to the anions. Hence 
the manganites are strongly magnetic ionic compounds 
and all strongly magnetic ionic compounds should be 
half-metallic. In this sense there is a close resemblance 
with CrOz [25]. The delicate crystal structure and com- 
position dependence of the half-metallic properties, as 
found in the Heusler alloys, is not to be expected here. 
Finally we address the question why the perovskites 
show unusual magnetoresistances while they have not 
been reported for half-metallic ferromagnets like the 
Heusler alloys [26-281. There are two aspects on the 
perovskites which are distinct from the Heusler alloys. 
First of all, the charge carriers in the Heusler alloys are 
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free electron like with effective masses at about unity, 
while the charge carriers in the perovskites are bandlike 
for the eg, but much more localised. As a consequence, 
the thickness of the interface between volumes of oppo- 
site magnetisation (defined as the distance between the 
positions of the occurrence of genuine half-metallic 
behaviour in the two volumes) is one atomic distance 
for the perovskites [29], but is probably substantially 
larger for the Heusler alloys. The second difference is the 
spin-flip probability. The charge carriers in the Heusler 
alloys have primarily Sb character (I = 1) which shows a 
large spin-orbit interaction. The states in the perovskites 
which possibly can contribute to the spin-flip probability 
are the La 4fstates, but they are located quite far above 
the Fermi energy (in practice even more than the LDA 
calculations show). Experiments to test the validity of the 
half-metallic properties of the manganites are highly 
desirable. An indirect test is provided by accurate 
determination of the magnetic moment and the actual 
composition of La, _.~Ca,MnO+,. The half-metallic 
properties predict a moment of 4 - x + 2y. In the arche- 
type of half-metallic magnets, NiMnSb, a crucial experi- 
ment proved to be spin-resolved positron annihilation 
[30, 311. Such experiments are highly desirable on 
La1_,Ca,Mn03 as well. Since CMR is so closely related 
to half-metallic behaviour in our model it is also desir- 
able to perform magnetoresistance measurements on 
CrOz. 
In conclusion, we presented GGA and LDA calcula- 
tions on La,&a,,~MnO~ for the FM and A-type AFM 
phase in a cubic crystal structure. The AFM phase is 
lowest in energy, in agreement with experiment. The FM 
phase is half-metallic, which can be important with 
respect to the CMR in manganites. 
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